Abstract The formation mechanism of the interplanetary magnetic cloud (MC) boundaries is numerically investigated by simulating the interactions between an MC of some initial momentum and a local interplanetary current sheet. The compressible 2.5D MHD equations are solved. Results show that the magnetic reconnection process is a possible formation mechanism when an MC interacts with a surrounding current sheet. A number of interesting features are found. For instance, the front boundary of the MCs is a magnetic reconnection boundary that could be caused by a driven reconnection ahead of the cloud, and the tail boundary might be caused by the driving of the entrained flow as a result of the Bernoulli principle. Analysis of the magnetic field and plasma data demonstrates that at these two boundaries appear large value of the plasma parameter β, clear increase of plasma temperature and density, distinct decrease of magnetic magnitude, and a transition of magnetic field direction of about 180 degrees. The outcome of the present simulation agrees qualitatively with the observational results on MC boundary inferred from IMP-8, etc.
Introduction
Magnetic cloud (MC) has been one of the focuses of interplanetary dynamics as mesoscale (diameter: 0.2 AU ∼ 0.4 AU at 1 AU) plasma and magnetic field structures in the solar wind. It is known that [1] MCs have an enhanced magnetic field strength, a low plasma temperature and density (compared to the ambient plasma), and a low plasma β, and that their smooth magnetic field vector rotates through a large angle during tens of hours. The study of MCs which are considered to be a subclass of interplanetary ejecta or coronal mass ejections is beneficial for the understanding of large-scale structures in the solar wind and provides links between the ejected mass, magnetic field and energy on the Sun, and some significant magnetospheric activities. [2] The cylindrically symmetric flux tube model with force-free magnetic fields, i.e., ∇ × B = µ 0 J = αB, is widely used in fitting MC observations ever since it was first proposed by Goldstein. [3] Though α is initially set as a variable, Burlaga [4] showed that one can consider α approximately constant in describing MCs to first order. Hidalgo et al. [5] have adopted a non-force-free approach to study the topology of MCs at 1 AU instead of the above so-called constant-α force-free condition. Besides these works on MCs through fitting many cases of interplanetary magnetic and plasma data with trial and error, Vandas et al. [6, 7] have also numerically simulated the MC propagation in the inner heliosphere from 18 solar radii to 1 AU, pointing out that the net effect of time-dependent Lorentz, inertial and pressure gradient forces probably cause the complementary deformation of the whole cloud. Vandas et al. [8] also studied the influence of various initial parameters, like the initial injection velocity or different steady states of the solar wind, on the MC propagation and evolution. Interactions between MCs and the solar wind flows of a velocity shear layer are numerically studied and internal magnetic reconnection processes that can occur in a magnetic cloud have been noticed by Schmidt. [9] However, there are still some open problems related to the structures of MC and its dynamics, such as the identification of the MC boundaries highlighted in Ref. [10] . Considering that the research of the cloud boundaries is associated with such important problems as the formation and evolution mechanism of MCs, the interaction between the clouds and the solar wind flows, and the cloudgeomagnetosphere coupling, in which space weather effects of MCs on geomagnetic field activities and galactic cosmic rays are intensively investigated. [11, 12] Wei et al. [13] proposed a new definition of the MC boundary on the basis of analyzing 70 typical MCs, which have been identified in the former literature, and have little spacecraft data gaps that may lead to ambiguity in their analysis. In this paper we present the numerical simulation results which strongly support this definition. The 2.5 dimensional MHD equations with a magnetic cloud as a cylinder perpendicular to the computational plane are solved in the following section. The interaction process between the magnetic cloud and the local current sheet is demonstrated.
Governing Equations and Methods
We use the 2.5-dimensional MHD model provided by Feng et al. [14] The model uses the improved high order Lax-Friedrichs TVD finite difference approximation to the compressible one-fluid MHD equations, which has the advantage of keeping ∇ · B = 0 constraint, quick convergence as well as robust ability of high resolution. Because of no thermal conduction, the plasma behaves adiabatically. The difference scheme is formulated in Cartesian coordinates where the dependence on the z-coordinate is omitted (the 2.5-D model). Then the governing equations in conservation-law form employed in the code are written as
where U is the vector of conserved quantities, F and G are the flux diad components in x and y directions, and S is the formal source term containing terms arising in the MHD equations that cannot be expressed in divergence form. U , F , G, and S have the form
where L(φ)=∂ 2 φ/∂x 2 + ∂ 2 φ/∂y 2 denotes the Laplacian operator. Our computational domain is a rectangular box, X × Y = 20 × 20, and uniform grid size is used where ∆x = 2 × ∆y. The initial background magnetic configuration is the Harris-type plasma sheet (Fig. 1) ,
The interplanetary plasma is isothermal and in hydrostatic equilibrium, i.e., T 0 = const. and V = 0, before the magnetic cloud is introduced into a local position, (x 0 , y 0 ) = (0, 3.5). Then the background plasma density profile can be determined by the pressure equilibrium principle, i.e., P + B 2 /2µ 0 = const. as well as the equation of state, P = ρRT .
The magnetic field configuration for the cloud is based on the constant-α force-free model [4] and adjustments to this model in a way similar to those made by Vandas et al. [6] have been adopted in the present simulation. The MC of initial radius, r c , is surrounded by an envelope of the radius, r b , where the magnetic field lines bend around the cloud as shown in Fig. 1 . The strongest field strength is located at the axis of the cloud, higher than that of the interplanetary background by a factor of C 0 , magnetic cloud (r ≤ r c ) :
where J n is the Bessel function of the first kind of order n. Constant α is related to the force-free field condition. A common way to determine the value of α is to place the outer boundary of the cloud at the first zero of the Bessel function J 0 where the axial field vanishes. This condition fixes α at α = −2.4/r c . The coefficient C 0 in the magnetic cloud expressions can be determined according to the rule of keeping B ϕ continuous at the cloud boundary for ϕ = 90
• . In our simulations C 0 is set to be 5.7850 since we have prescribed r b =2r c . To be coincident with the characteristics of the magnetic cloud summed up by Burlaga et al.
[1] the cloud density is prescribed to be half of that of the background and the temperature has an expression of T = T ∞ (1.0 − 0.75 * e −0.2r ). We performed our simulations by solving the above MHD equations in non-dimensional form. The initial state of the magnetic field strength, plasma density, temperature etc. are of typical interplanetary conditions at 1 AU nearby, which read as B ∞ = 8 nT, proton number density n ∞ = 5 cm −3 , T ∞ = 1 × 10 5 K in dimensional form, [4] and play the role of characteristic values for dimensionlessness. Then the characteristic Alfvén velocity is equal to V A∞ = B ∞ / √ µ 0 ρ ∞ ≈ 80 km/s. Given the half width of the current sheet equal to 5 × 10 4 km, we will obtain that τ A ≈ 10 min, which falls in the time resolution limit of spacecraft Helios. [15] The magnetic cloud is assumed to approach the current sheet at an initial velocity equal to 1.5V A∞ . Fig. 1 Profiles of computational domain, the magnetic configuration of the cylindrical magnetic cloud, and surrounding magnetic field. The dashed line shows the initial position of the current sheet.
Results and Discussions
Figures 2(a) and 2(b) show the typical interaction snapshot for the MC and current sheet system at t = 2τ A . Magnetic reconnection has taken place at both the frontal boundary and the rear trailing ( Fig. 2(a) ). But there are some clear differences between these two events. The reconnections due to the direct interaction of the cloud and the current sheet possess the well-known X-configuration as a result of the full-developed evolution of the opposite magnetic field. The large regions involved form a boundary layer. The rear of the cloud is another readily birth place for magnetic reconnection where the smoothly rotating magnetic field of the cloud is opposite to the background too (see Fig. 1 ). When the magnetic cloud is evolving toward the current sheet, the plasma behind the cloud will be entrained as a result of flow Bernoulli principle (Fig. 2(b) ). So the reconnection here is also a driven one. Yet the development of reconnection at the cloud tail is in its infant phase owing to the shorter evolution time while the domain affected is limited. An interesting feature is that the MC has been continuously changing its shape (the cross section within the plane) from the circle at the beginning to an irregular ellipse or beanlike shape. One significant factor is the deceleration of the current sheet so that the MC will transfigure in the direction perpendicular to the normal of the current sheet.
It should be pointed out that the MC is not in equilibrium with the background interplanetary magnetic field because of its characteristics of relatively high magnetic field strength and low temperature. In the present simulation the body of the MC will expand during its approach to the current sheet. The magnetic reconnection at the leading edge of the cloud is a typical driven magnetic reconnection by the impact of both the cloud initial momentum and the pressure gradient. A compressive region of high density is formed in the reconnection layer ( Fig. 2(a) ). On the other hand, because the expansion of the MC counteracts the entraining flow at the cloud tail (Fig. 2(b) ), and the driven magnetic reconnection there has an underdeveloped configuration. Since most of the results for the time series of the field and plasma parameters of MCs are obtained by a single spacecraft, and let us put a hypothetical satellite in the computational domain and record what it would measure. The sampling paths are plotted in Fig. 2(a) . Figure 3(a) presents the data of |B|, Φ B , T , D, and log β along the track x = 0. The enhanced magnetic field strength and the smoothly rotated magnetic field angle are in qualitative agreement with observations obtained by IMP8 and ISEE3 spacecrafts, which are considered as the major features of magnetic clouds. [2] The cloud acting as a driver has produced a large amplitude MHD pulse ahead forming the compressive region in Fig. 3(a) . It is worth while mentioning that the magnetic field strength shows a minimum value, the magnetic orientation angle has an abrupt transition of 180
• , both the temperature and density of the plasma increase to some extent, and the plasma log β presents a maximum value at the frontal and rear boundaries of the MC. These reflect the characteristics of magnetic reconnection observed in Fig. 2(a) . It means that these two boundaries are magnetic reconnection layers. Fig. 3 The hypothetical spacecraft measurements in our computational domain during the cloud passage along the different paths plotted in Fig. 2(a) . From top to bottom are the magnetic field magnitude |B|, the angle between the filed vector B and the x-axis ΦB, the plasma temperature T , the plasma density D, and the denary logarithm value of the ratio of the plasma pressure to the magnetic pressure β. Boundaries of the magnetic cloud are denoted by vertical solid and dashed lines. A typical magnetic cloud data for comparison is in Fig. 3(e) .
Besides the special trace x = 0 designed in Fig. 3(a) which is exactly crossing the cloud's leading and trailing boundaries and the center of the cloud, figures 3(b) ∼ 3(d) illustrate the hypothetical spacecraft measurements along y = 0 (Fig. 3(b) ), y = 3 ( Fig. 3(c) ) and y = −x (Fig. 3(d) ) while figure 3(e) presents a typical MC data adopted from Ref. [16] for further comparison. Similar features to the ones found in Fig. 3(a) are demonstrated clearly in Figs. 3(b) ∼ 3(d) . The simulation results of low magnetic field strength, high density, high temperature and high plasma β at the neighborhood of the magnetic cloud boundaries, which are called three-high characteristic in Ref. [13] , strongly support that the MC boundaries are boundaries of magnetic reconnection. Furthermore, the magnetic field strength, density, temperature curves in Figs. 3(a) ∼ 3(d) possess the shape and magnitude coinciding with the data in Fig. 3 (e) when they are transformed into the dimensional ones with the interplanetary conditions specified above. This proves the physical reasonableness of the present simulations.
The single-spacecraft MC data extensively studied in previous works are around 1 AU. [2, 16] However, as mentioned before, the MCs are not in equilibrium with the interplanetary magnetic field by the time they reach 1 AU. The evolution of an MC will go on beyond the near-earth space. Figure 4 shows a snapshot of this temporal evolution. The magnetic reconnection layer at the MC boundaries can be rediscovered from the magnetic field configuration in Fig. 4(a) and the flow field in Fig. 4(b) though some degradation of the rear reconnection layer is growing up. However, it should be pointed out that the interplanetary background of Harris model adopted here is far from the realistic heliospheric conditions, where the plasma density and magnetic field strength decrease inversely proportional to the heliocentric distance r 2 approximately. [17] This means that the drag to the MC movement in the simulation is much stronger than that of the real interplanetary space so that the temporal and spatial advancement of the MC away from the Sun is not very obvious in the simulation (Fig. 4) (the Sun is assumed to be in the direction of Y → +∞). More accurate initial interplanetary conditions of considering the r −2 relationship will be taken into account in the future. Fig. 4 Temporal evolution of the magnetic cloud and current sheet system (t = 6τA).
Conclusions
This paper has presented numerical simulation results of a possible formation mechanism of MC boundaries. The main motivation is the definition that the magnetic reconnection process is a possible formation mechanism when an MC interacts with a surrounding current sheet on the basis of analyzing 70 typical MCs by Ref. [13] . The present simulation on the interactions between an MC of some initial momentum and a local interplanetary current sheet supports this idea. The front boundary of the magnetic clouds is a magnetic reconnection boundary that could be caused by a driven reconnection ahead of the cloud, and the tail boundary might be caused by the driving of the entrained flow, which is the result of the Bernoulli principle.
